Cells of Escherichia coli ML308-225, harvested from the exponential phase, were heated in 50 mM potassium phosphate, and the loss in viability and inability to transport lactose, proline, and a-methylglucoside was compared. After cells were heated at 48°C for 15 When bacterial cells are heated, K+ (1, 12), Mg2+ (11), Ca2+ (11), amino acids (1, 2, 12), and 260-nm-absorbing material (2, 4, 9, 12, 19) are lost from the heated cells. These losses have been interpreted as presumptive evidence of damage to the integrity of the cytoplasmic membrane (2, 5, 12, 26) and suggest that injury and death of the cell may be linked to such lesions induced in the cell membrane by heating (1, 3, 9, 27).
When bacterial cells are heated, K+ (1, 12) , Mg2+ (11) , Ca2+ (11) , amino acids (1, 2, 12) , and 260-nm-absorbing material (2, 4, 9, 12, 19) are lost from the heated cells. These losses have been interpreted as presumptive evidence of damage to the integrity of the cytoplasmic membrane (2, 5, 12, 26) and suggest that injury and death of the cell may be linked to such lesions induced in the cell membrane by heating (1, 3, 9, 27) .
If loss of membrane integrity has occurred to the extent that there has been loss of smallmolecular-weight compounds from the cell, then transport of solutes into the cell should be considerably impaired, and the cell's ability to maintain a concentration gradient across the cytoplasmic membrane should be largely destroyed. Furthermore, solutes transported by separate systems should be affected.
In this study we have examined the effects of heating on the active transport of three compounds by cells of Escherichia coli and compared these effects to the rate of thermally induced cell death. The compounds used, lactose, proline, and a-methylglucoside (a-MG), were chosen because they were transported by independent, well-characterized transport systems.
MATERIALS AND METHODS
Preparation of bacterial suspensions. E. coli ML308-225 (i z-y+ a+, i.e., constitutive for the lactose operon but lacking ,6-galactosidase) was grown overnight in 1% succinate-mineral salts medium (7) in flasks shaken on a Gyrotory water bath shaker (model G-76, New Brunswick Scientific Co.) at 37°C. Two 125-ml flasks, each equipped with a side ann and each containing 10 ml of succinate-mineral salts medium, were inoculated from the overnight culture to a turbidity of 10 Klett units (Klett-Summerson colorimeter fitted with a no. 66 filter). The inoculated flasks were incubated at 37°C on the shaker until the aerobically growing cultures reached a turbidity of 50 Klett units. The log-phase cells were harvested by centrifuging (3,000 x g for 10 min) at room temperature, washed twice with 20 ml of 50 mM potassium phosphate buffer (pH 7.0), and finally resuspended in 5 ml of buffer at room temperature. The cell suspension, containing 1 Uptake of the labeled solute was stopped by the addition of 2 ml of 0.1 M lithium chloride at room temperature, followed by immediate filtration through 0.45-pm membrane filters (type HA; Millipore Corp., Bedford, Mass.) and washing with a further 2 ml of lithium chloride. The whole operation was completed within 7 s. Background corrections for absorbed isotope were obtained by adding 2 ml of lithium chloride to the cell suspension, then adding the radioisotope, followed by immediate filtration and washing with 2 ml of lithium chloride. The filters were dried, and radioactivity was counted in 5 a-MGP assay. Total a-methylglucoside phosphate (a-MGP) formed from labeled a-MG was estimated as barium-precipitable radioactivity. To the cell suspension, 0.45 ml of cold 90% ethanol containing 30 mM barium bromide (8) was added. The precipitate was collected on a Millipore filter and washed eight times, each with 2 ml of cold 80% ethanol. The filter was dried, and radioactivity was counted.
Intracellular a-MGP was estimated by filtering the cell suspension, immediately immersing the filter in 1 ml of the cold ethanolic barium bromide solution, and adding 50 pl of 50 mM phosphate buffer. The precipitate was washed from the filter with eight 2-ml aliquots of cold 80% ethanol and collected on a second filter. Both these filters were dried, and retained radioactivity was counted. lactose concentration approximately 120 times the concentration in the external medium.
RESULTS
The initial rates of lactose and proline transport were more sensitive than viability to heating at 500C (Fig. 2) .
There was a large difference between the heat sensitivities ofthe initial rate of lactose transport and of its steady-state intracellular concentration. In both cases, the heated cells spent 2 min at 25°C before labeled substrate was added to initiate transport. However, assays of the initial rate of uptake were stopped 15 s later and the steady-state concentration assays 15 min later. The effect of time at 25°C on the initial rate of lactose and proline transport was therefore measured on cells that had been heated at 500C for 7 min (Fig. 3) . For both proline and lactose, the initial rate of uptake increased rapidly with time at 250C to reach a plateau after about 5 (Fig. 4) . For cells at 500C, there was initially a rapid uptake of lactose followed by efflux. After a total of 15 min at 500C, the Effect of heating at 500C on a-MG transport. The effect of time of heating at 500C on the initial rate of uptake of a-MG, assayed at 500C, is shown in Fig. 6 . The rate of uptake of a-MG was only slightly affected by heating for 15 min and was reduced by only 24%. Since such heating caused an 86% loss in colony-forming ability, many of the nonviable cells were able to transport a-MG with little decrease in rate. In the experiments shown in Fig. 7 , cell suspensions were loaded with a-MG at 250C, and then some of these loaded cells were transferred to 50°C. In the first 30 s of exposure to 500C, there was some loss of labeled a-MG accumulated within the cells. This was followed by a rapid rise in a-MG accumulated within the cells. After 15 min at 500C, the celLs had sufficient membrane integrity to maintain a steady-state concentration of a-MG within the cells that was almost twice that at 250C.
Transport of a-MG into these cells is via the phosphotransferase system, in which a-MG is phosphorylated as it crosses the membrane (13) to give a-MGP. Since a-MGP is not normally lost from the cell (33), its loss may be interpreted as evidence of cytoplasmic membrane leakiness (15) .
As expected, cells kept at 250C showed no evidence ofa-MGP leakage. After 5 min at 500C, however, a-MGP was lost from the celLs (Fig. 8) . More a-MGP was found in the cell suspension than total a-MG + a-MGP accumulated within the cells. Measurements of the a-MGP within cells heated for 10 to 15 min at 500C showed that about 75% of the total accumulated label (i.e. a-MG + a-MGP) was present as a-MGP. Even though such heated cells were not able to retain all the a-MGP formed, they could maintain a concentration gradient of a-MGP across the cell membrane of about 500-fold. 
DISCUSSION
The results presented here show that heating cells of E. coli inhibits the initial rate of uptake of lactose, proline, and a-MG, reduces the concentration of lactose accumulated at steady state, and leads to leakage of a-MGP from the cells. This is evidence for heat-induced membrane damage. However, cell death does not seem to correlate well with these measures of membrane damage.
Heating cells at 480C caused only a slight loss in viability and a correspondingly small inhibition of the steady-state accumulation of lactose. However, when cells were heated at 500C, cell viability decreased much more rapidly than the steady-state lactose accumulation. It would appear that cell death and membrane damage, as measured by the cell's ability to accumulate and retain high concentrations of lactose after heating, are independently affected by the heating temperature.
Heating inhibited the initial rates of lactose and proline uptake much more severely than it reduced cell viability. On the other hand, the rate of cell death greatly exceeded the rate of inhibition of the initial rate of a-MG transport.
Furthermore, since a-MG transport is by the phosphotransferase system, sufficient phosphoenolpyruvate (or endogenous substrates giving rise to phosphoenolpyruvate) must be retained in dead cells even at 500C to drive a-MG transport. Pierson and Ordal (22) found significant inhibition of a-MG uptake, in the absence of an exogenous energy source, by cells of Salmonella typhimurium heated for 30 min at 480C under conditions where there was no significant cell death (6, 31, 32) . Secondly, in the presence of succinate, they observed that more a-MG was accumulated by heated cells than by normal cells. It would appear that heat-induced damage to a-MG uptake and cell death are independently affected by temperature.
At 25°C, a-MGP is normally not lost in significant amounts from cells (33) . However, Schechter et al. (29) (17, 28) . Temperature-induced, carrier-mediated efflux also occurs with lactose (16) and amino acids (20) (27) . Lee and Goepfert (19) obtained a similar death rate for S. typhimurium whether it was heated in water or in 0.5 M phosphate buffer, but with the latter the pool size of 260-nm-absorbing material was much greater and leakage was much less. Leakage of UV-absorbing material, derived from products of RNA degradation, also occurs under conditions where there is no cell death (30) and where the osmotic barrier apparently remains intact (23, 24) .
